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The geometric features of clustered shrinkage pores (CSP) in ill-conditioned aluminum alloy die castings were revealed and their eﬀect on
the fatigue strength was discussed. To obtain the geometric features of CSP, an observation using a commercial microfocus X-ray computed
tomography (X-ray CT) system was carried out and the position and size of CSP were conﬁrmed. However, the detailed geometry of the CSP
could not be clearly observed by X-ray CT, because each pore in the CSP was too small to observe owing to the insuﬃcient resolution of the CT
image. We developed a serial sectioning system with a polishing machine and an optical microscope. Observation using the serial sectioning
system clearly showed that a CSP consists of many interconnected small pores, which formed an extremely complicated shape. The CSP was
thought to grow from relatively large gas pores, which connect to small pores and consequently generate a cavity with a huge volume and a
complicated geometry. The complex geometry of CSP resulted in the concentration of stress around CSP, and signiﬁcantly undermines
mechanical properties such as tensile strength and fatigue strength. [doi:10.2320/matertrans.MAW201032]
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1. Introduction
Aluminum alloy high-pressure die castings have received
considerable attention in the automotive ﬁeld owing to their
potential for manufacturing lightweight near-net-shaped
components with a high production rate. Unfortunately, the
formation of a signiﬁcant amount of gas and shrinkage
pores generally occurs in die castings during the foundry
production process.1) These pores adversely aﬀect the fatigue
strength of die castings.2–5)
In our previous studies, we conducted a microfocus X-ray
computed tomography (X-ray CT) observation of ADC12
aluminum alloy die castings containing various types of
pores.6,7) We have also investigated the eﬀect of the pores on
the fatigue strength of die castings8,9) by X-ray CT inspection
of the specimens before and after a fatigue test, and found
that the fatigue strength depends not only on the quantity and
size but also on the geometrical shape of pores. Figure 1
shows an example of an X-ray CT image obtained by
scanning an ill-conditioned aluminum alloy die casting that
includes numerous gas pores.8) The bright area indicates the
aluminum alloy matrix and the dark areas indicate the pores.
There were also unclear gray areas, as indicated by a white
circle, for which it was diﬃcult to determine whether they
were part of the aluminum alloy matrix or pores. These areas
were considered to be formed by the accumulation of small
shrinkage pores (we call these pores clustered shrinkage
pores (CSP), hereinafter). The CSP covered a relatively large
region surrounding the large gas pores in the specimen and
has a geometrically complicated shape. CSP is expected to
considerably aﬀect the fatigue strength of die castings owing
to its complex shape, which may lead to the concentration of
stress. Understanding how the conﬁguration of CSP aﬀects
the fatigue strength is of considerable importance for the
safety and reliability of die-casting components. However, it
is diﬃcult to observe the precise conﬁguration of CSP using a
commercial X-ray CT system because of the low resolution
of the CT images as shown in Fig. 1.
Serial sectioning is a method of gradually removing a
material to sequentially expose parallel sections of the
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Clustered shrinkage pores
Fig. 1 X-ray CT image of ill-conditioned aluminum alloy die casting.8)
The formation of clustered shrinkage pores was observed around the
relatively large gas pores at the center of the rectangular cross section.
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microstructure in a specimen. Each exposed section is
observed by an optical microscope, and a digital cross-
sectional image is captured. A stack of the obtained
sequential images can be reconstructed as a three-dimen-
sional volume image using image-processing software.
Although serial sectioning is a time-consuming method, the
pores can be more precisely observed than by X-ray CT
observation. Serial sectioning has been applied to a number
of investigations as a technique for the detailed three-
dimensional visualization of microstructures of metallic
alloys,10–13) particle-reinforced metal-matrix compo-
sites,14–16) and the morphology of pores in Mg alloy high-
pressure die castings.17,18)
The aim of this study is to reveal the precise geometric
features of CSP, and to investigate the eﬀect of CSP on the
fatigue strength of aluminum alloy die castings. First, the X-
ray CT observation of aluminum alloy die-casting specimens
containing a CSP was conducted to determine the position
of the CSP. Next, the region of each specimen containing a
CSP was cut out, and serial sectioning was conducted to
reconstruct the precise three-dimensional conﬁguration of the
CSP. Finally, the voxel ﬁnite element analysis (FE analysis)
of the die-casting specimen containing the CSP, to which
uniaxial tension was applied, was conducted to indicate
how the CSP aﬀects the fatigue strength compared with an
isolated gas pore.
2. Materials and Methods
2.1 Specimen
Figure 2 shows a schematic illustration of a specimen,
which was manufactured for fatigue tests conducted else-
where.9) Al-Si-Cu aluminum alloy (ADC12; equivalent to
A383.0 aluminum alloy) die castings were used. Table 1
shows the chemical composition of the alloy. ADC12 is
typically used for aluminum alloy die castings, particularly in
the automotive ﬁeld. Round bars with a diameter of 15mm
were ﬁrst manufactured by a cold chamber die-casting
machine, then the parallel portions were machined to obtain
the ﬁnal specimen shape. The casting pressure was 33.4MPa,
which is approximately half that in an ordinary die-casting
process, and no water cooling was employed in the die during
die casting so as to intentionally generate shrinkage pores in
the specimen.
2.2 X-ray CT observation
X-ray CT observations were conducted using a microfocus
X-ray CT system (SMX-225CT, Shimadzu Corporation,
Kyoto, Japan) at room temperature. The minimum focus size
of the electron beam is 4 mm. The center region of each
specimen was scanned by the X-ray CT system. The X-ray
tube voltage and current were 80 kV and 30 mA, respectively.
A cone-type CT system, which constructs three-dimensional
images, was employed. In this system, only one rotation of
the specimen was suﬃcient to obtain a complete three-
dimensional volume image, which consists of a set of two-
dimensional CT images with a slice pitch equal to the length
of one pixel in the CT image. The size of the circular area
scanned by the X-ray CT system was set to about 20mm in
diameter, and the scanning range was about 17mm in height.
The size of each CT image was 512 512 pixels, i.e.,
the resolution of the CT image and the slice pitch were
37.9 mm/pixel. The intensity in each CT image is expressed
in 16-bit grayscale, and the image data is saved in TIFF
format.
2.3 Serial-sectioning observation
The positions of the CSPs were detected manually in the
above-mentioned X-ray CT images. After searching for the
largest CSP in a number of specimens, a rectangular sample
for serial sectioning with dimensions of 10 10 7mm3
was cut out from the specimen so as to include the whole of
the largest CSP.
Figure 3(a) shows the automatic lapping polishing ma-
chine (MA-200D, Musashino Denshi Corporation, Tokyo,
Japan) used for serial sectioning. As shown in Figs. 3(b) and
(c), the polishing guide cylinder, spacer (aluminum alloy),
precision-made rectangular parallelepiped block (carbon tool
steel, surface with a wrapping ﬁnish, tolerance of right angle
1–3 mm in each face), and the sample were bonded by wax.
Serial sectioning was conducted in approximately the same
parallel plane as that of the X-ray CT cross-sectional two-
dimensional images.
The observation surface was ground using SiC papers of
up to #2000, which was followed by alumina (1 mm)
polishing. After the optical micrograph of the ﬁrst section
was obtained, a thin layer of the specimen was removed
(with a mean thickness of 13.7 mm) by optimizing the speed
and time of the automated micropolisher. In this study,
grinding using SiC papers of #2000 at 50 rpm for 48 s
followed by alumina (1 mm) polishing at 50 rpm for 300 s
were used. A weight of 251.38 g was put on the polishing
holder. Ultrasonic cleaning was conducted immediately after
the polishing, and optical micrographs of the sample were
taken using the inverted metallurgical microscope (GX51,
Olympus Corporation, Tokyo, Japan) shown in Fig. 4 over
an area of 2864 2148 mm2. The size of the optical
micrographs was 1600 1200 pixels, i.e., the resolution of
the image was 1.79 mm/pixel. To perfectly align the stack of
obtained images in the depth direction, the microscope was
equipped with a ﬁxation jig and a laser displacement meter
(LC-2450, KEYENCE Corporation, Osaka, Japan) as shown
in Fig. 4. A precision-made block was attached ﬁrmly to
the edge of the cutter blade (using a high Young’s modulus
steel to minimize the elastic deformation) for precise
Fig. 2 Schematic illustration of ADC12 aluminum alloy die-casting
specimen used in serial sectioning (unit: mm).
Table 1 Chemical composition (mass%) of the alloy used for the fatigue
test specimen.
Material Si Cu Fe Mg Zn Mn Ni Sn Al
ADC12 11.1 2.25 0.66 0.18 0.62 0.22 0.05 0.02 Bal.
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alignment of the successive micrographs of samples. The
accuracy of the laser displacement meter was approximately
1 mm. In this study, 62 optical micrographs were taken. By
stacking the micrographs, three-dimensional images were
obtained. Image-processing software (VOXELCON, Quint
Corporation, Tokyo, Japan) was used to visualize the three-
dimensional volume image and to extract the pore surfaces.
By setting an appropriate threshold, the aluminum alloy
matrix and pores were distinguished, and the aluminum alloy
matrix surfaces including the surface of inner pores were
extracted as an isosurface. The three-dimensional conﬁgu-
ration of the CSP was observed by visualizing the surfaces
of pores.
3. Results
3.1 Macroscopic conﬁguration
Figure 5 shows cross-sectional X-ray CT images obtained
from four diﬀerent fatigue test specimens. The white areas
indicate the aluminum alloy and the black areas indicate
pores. A CSP was indistinctly observed near the center of the
specimens as a gray cloudlike shape. The maximum length of
the CSP was over 4mm. Also, relatively large gas pores
existed around the CSP, which were observe for all speci-
mens fabricated in this study. In the die-casting process, the
molten aluminum alloy solidiﬁes from the surface of the die
castings owing to the cooling eﬀect of the die. Gas pores and
undissolved gases accumulate at the unsolidiﬁed center of the
die castings. These gases coalesce and generate relatively
large gas pores. Also, molten aluminum alloy shrinks when it
solidiﬁes and generates shrinkage pores in the ﬁnal stage of
solidiﬁcation. In this study, the cooling eﬀect of the die was
low, and the solidiﬁcation of the aluminum alloy occurred
relatively slowly. Moreover, the accumulation of gas pores
decreases the rate of heat transfer in the molten aluminum
alloy because the air in the gas pores acts as an insulator.
Therefore, the above eﬀects resulted in the concentration of
shrinkage pores at the center of the specimen along with gas
pores.
However, the successful observation of a CSP by X-ray CT
inspection signiﬁcantly depends on the threshold value at
which the pores and the aluminum alloy matrix can be
distinguished in the images because the CSP has an unclear
gray color and an unclear outline. In other words, observation
using the commercial microfocus X-ray CT system can
reveal the existence and approximate region of the CSP but
not its size and detailed shape, because the size of each pore
in the CSP was too small to observe owing to the low
Fig. 4 Inverted metallurgical microscope with laser displacement meter
and jig for precise positioning used to obtain successive micrographs of
sample.
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Fig. 5 Cross-sectional X-ray CT images obtained from four diﬀerent
specimens.
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Fig. 3 (a) Photograph of polishing system used in this paper. (b)
Photograph of bonded guide and sample. (c) Enlarged photograph of
bonded guide and sample.
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resolution of the microfocus X-ray CT system.7) Conse-
quently, serial sectioning was conducted and the conﬁgu-
ration of the CSP was reconstructed and visualized in more
detail, as described in the next section.
3.2 Microscopic conﬁguration
Figures 6(a)–(c) show three successive cross-sectional X-
ray CT images of the specimen used in serial sectioning. The
diﬀerence between the shape of the CSP in the three images
was not clear. Figures 6(d)–(f) show optical micrographs
corresponding to the cross-sectional images in Figs. 6(a)–(c).
It was shown that the CSP was constructed from a large
number of small pores with a complicated shape and that the
shape of the CSP changed from slice to slice.
Figure 7 shows the relationship between the numbers of
polishing cycles and the removal thickness plotted for every
10 polishing cycles during serial sectioning. The cumulative
removal thickness is also shown. The removal thickness was
calculated as the mean of the removal thicknesses at four
points on the specimen. The graph shows that individual
two-dimensional sections were removed with a constant
thickness.
Figure 8(a) shows a surface-rendered three-dimensional
image of a specimen, which was constructed by stacking the
optical micrographs obtained from serial sectioning and
extracting the material surface as the isosurface. Figure 8(b)
shows a surface-rendered three-dimensional image of the
pores, where the aluminum alloy matrix was removed to
clarify all the pores existing in the observation volume shown
in Fig. 8(a). The porosity (volume fraction of pores) in this
observed region was 10.6%. Figure 8(c) shows the CSP
extracted from Fig. 8(b) and enlarged views of parts of the
CSP. These ﬁgures clearly show the complexity of the CSP
and its huge volume. Although the CSP was observed as an
aggregation of small irregularly shaped pores in the cross-
sectional images (as shown in Fig. 6), almost all the pores
were three-dimensionally connected to each other. Moreover,
the CSP was connected to the large gas pore. The large gas
pore enhances the mean stress, and the CSP also concentrates
the stress owing to its complicated surface shape. Therefore,
the CSP connected to the large gas pore signiﬁcantly reduces
(a) (d)
(b) (e)
(c) (f)
0.5mm
Fig. 6 Comparison between cross-sectional images of CSP: (a)–(c) X-ray
CT images and (d)–(f) corresponding optical micrographs.
0.0
0.2
0.4
0.6
0.8
1.0
0 10 20 30 40 50 60
R
em
ov
al
 th
ic
kn
es
s 
[m
m]
Number of polishing cycles
Removal thickness per 10 polishing cycles
Cumulative removal thickness
Fig. 7 Relationship between number of polishing cycles and removal
thickness per 10 polishing cycles during serial sectioning. The cumulative
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Fig. 8 Three-dimensional visualization of CSP. (a) Surface-rendered
three-dimensional image of specimen. (b) Inverse surface-rendered
three-dimensional image of pores, where the aluminum alloy matrix was
removed to clarify all the pores. (c) CSP extracted from (b), and enlarged
views of parts of the CSP.
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the material strength and also the fatigue strength of die
castings.
4. Discussion
4.1 CSP-induced fatigue life reduction
From the above-mentioned results, we clarify the geo-
metrical properties of CSP, and also brieﬂy discuss the
formation mechanism of CSP and its eﬀect on mechanical
properties. Here, we focus on their eﬀects on the fatigue
behavior on the basis of the results of fatigue tests. In our
previous study,8) we conducted fatigue tests on ADC12
aluminum alloy die castings containing relatively large pores.
From the X-ray CT inspection, the pore distribution was
found to vary widely from specimen by specimen in spite of
the same die-casting conditions. Moreover, some specimens
exhibited a marked decrease in the fatigue life in comparison
with other specimens under the same fatigue conditions. In
that study, we then observed the fracture surface by scanning
electron microscopy, and compared it with the X-ray CT
images, which displayed the overall pore conﬁguration. As a
result, we found that the CSP greatly enhanced crack
initiation and propagation, whereas the largest gas pore did
not promote fatigue-induced fracture. This is because the
CSP had a complicated surface shape, as described above,
while the gas pore had a relatively smooth surface. Thus,
it was clariﬁed that one of the major causes of fatigue life
reduction is the existence of a CSP. Revisiting this example,
the eﬀect of a CSP on the fatigue behavior is discussed in
detail below.
Figure 9 shows the three-dimensional pore conﬁgurations
of rectangular-sectioned specimens used in the previous
study8) before and after a fatigue test under a nominal stress
amplitude of a ¼ 80MPa. The pore conﬁgurations were
extracted from the X-ray CT images as an isosurface with
an appropriate threshold intensity for each specimen.
Figures 9(a)–(d) show the result obtained for a specimen
with a relatively long fatigue life (number of cycles to
failure Nf ¼ 2;089;627), and Figs. 9(e)–(h) show the result
for a specimen including a CSP with a short fatigue life
(Nf ¼ 459;972). The pore sizes and distribution were
extremely diﬀerent from each other, even though the die-
casting conditions were the same. The white arrow in
Fig. 9(e) indicates the position of the crack initiation site
determined by fractography, and the white circles in
Figs. 9(e) and (f) indicate the CSP.
Figure 10 shows photographs of the fracture surfaces
corresponding to the two specimens in Fig. 9. Figure 10(a)
shows the fracture surface of the specimen not including the
CSP. The crack initiated from one or several of the pores at
or near the outer surface of the specimen, and the crack
formed a semicircular propagation area, as can be seen in
the normal fatigue fracture surface. On the other hand,
Fig. 10(b) shows the fracture surface of the specimen
including the CSP. The CSP can be clearly observed near
the center of the specimen as a large rough surface diﬀering
from the normal crack propagation site. The crack initiated
from several of the pores near the outer surface of the
specimen or from the CSP. It is supposed that the CSP
signiﬁcantly reduced the fatigue life by accelerating the
crack propagation from the outer surface or by initiating
an internal crack that coalesces with a surface crack.
Figure 11(a) shows an SEM image one of the near-surface
pores that may have acted as a crack initiation source
indicated in Fig. 10(a). Figure 11(b) shows an SEM image
of the fractured CSP indicated in Fig. 10(b). In these ﬁgures,
dendrite structures were exposed on the pore surfaces. In
particular, in Fig. 11(b), a wide area of the exposed dendrite
surface expanded in the fractured CSP region. This means
that the surface of the CSP is covered with exposed dendrite
structures. Therefore, the CSP has two orders of complexity:
the higher complexity of the shrinkage cavities connecting
with each other and neighboring gas pores, and the lower
complexity of the undulating surface of the exposed dendrite
structures. Thus, we conﬁrmed that the CSP was generated
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Fig. 9 Pore conﬁgurations before and after fatigue test under a ¼ 80MPa,
Nf ¼ 2;089;627 cycles and a ¼ 80MPa, Nf ¼ 459;972 cycles observed
by X-ray CT.
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by the shrinkage of molten aluminum alloy as it solidiﬁed,
and one reason for the decrease in the fatigue life was the
eﬀect of the CSP through its complicated geometry.
4.2 Evaluation of eﬀect of CSP on mechanical proper-
ties by ﬁnite element analysis
To investigate the eﬀect of a CSP on the fatigue strength
of die castings, voxel ﬁnite element analysis was conducted
to evaluate the stress around the CSP, in which a solid
rectangular element was generated from a voxel of the three-
dimensional digital image obtained in section 3.2. The voxel
FE analysis was conducted using the image-based structural
analysis software VOXELCON, which was also used in the
image processing. Uniaxial tensile loading was applied in the
z-direction (depth direction). In the voxel FE model, artiﬁcial
stress concentration may occur owing to the stepwise surface
of the voxel element model.9) To eliminate this numerical
error, we neglected 0.01% of the voxels in the specimen
domain with the highest stress.
Figure 12(a) again shows the conﬁgurations of pores
in Fig. 8(b) obtained by the edge visualization, which is
useful for transparently observing the internal porosity.
Figure 12(b) shows the higher-stress region, where the
stress exceeds 2.046 times the nominal stress. Here, 2.046
is the stress concentration factor obtained from the three-
dimensional theory of elasticity19) for an isolated sphere
(used to approximate a gas pore) in inﬁnite volume with a
Poisson’s ratio of 0.3. The concentration of stress was
observed on almost the entire surface of pores. In particular, a
small but intense region of stress concentration was observed
around the CSP. Therefore, a CSP undermines the mechan-
ical properties of die castings, such as tensile strength and
fatigue strength, more signiﬁcantly than an isolated gas pores
with the same volume.
5. Conclusion
In this study, the geometric features of CSP were revealed
and their eﬀect on the fatigue strength of aluminum alloy die
castings was investigated. The experimental results led to the
following conclusions:
20µm
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Fig. 11 SEM images of enlarged (a) near-surface pore indicated in
Fig. 10(a), and (b) CSP surface indicated in Fig. 10(b).
(b)
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Fig. 12 Results of voxel FE analysis. (a) Conﬁguration of pores corre-
sponding to Fig. 8(b). (b) Stress distribution showing where the stress was
greater than the nominal stress multiplied by the stress concentration factor
for an isolated sphere upon applying z-direction uniaxial tensile loading.
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Fig. 10 Photographs of fracture surfaces. (a) a ¼ 80MPa, Nf ¼ 2;089;627 cycles. (b) a ¼ 80MPa, Nf ¼ 459;972 cycles. A CSP was
observed near the center of the specimen.
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(1) Observation using a commercial microfocus X-ray CT
system can reveal the existence and approximate shape of a
CSP. However, owing to the low resolution of the X-ray CT
system, the size and detailed shape of the CSP cannot be
clearly observed.
(2) All the pores in the CSP can be clearly observed and
shape of each pore can be recognized by serial-sectioning
observation.
(3) Almost all of the pores in the CSP and the gas pores
around the CSP were connected three-dimensionally to form
a relatively complex geometry with a huge volume.
(4) A CSP had a greater eﬀect on the fatigue strength of
die castings than an isolated gas pore with the same volume.
The results indicated that a CSP has a large eﬀect on the
fatigue life.
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